We present polarization-controlled multiphoton two-color above-threshold ionization (TCATI) of molecules. The intensity modulations of valence photoelectron intensities of molecules arising from varying the relative orientation of the linear polarization vectors of femtosecond infrared (IR) and vacuum-ultraviolet (VUV) radiation in TCATI of the highest occupied molecular orbitals of H 2 O, O 2 , and N 2 are reported. The results on the molecular systems are compared to the 3p photoionization of atomic Ar, which serves as a reference system. Modeling the large differences of the modulation amplitudes within the soft-photon approximation enables us to extract the one-photon-ionization anisotropy parameter β 2 . Accounting only for the first sideband due to two-photon TCATI by one VUV and one IR photon we find satisfactory agreement between experiment and simulation for H 2 O and O 2 . However, the model fails for N 2 and possible reasons are discussed. We discuss that the described approach may represent an alternative way of determining photoelectron angular distributions from valence shells of molecules and indicate future directions for modeling TCATI of molecules. The occurrence of sidebands in atomic photoemission with femtosecond vacuum-ultraviolet (VUV) pulses in the presence of an infrared (IR) dressing field was already discovered more than 20 years ago for the laser-assisted Auger decay (LAAD) [1] and for two-color above-threshold ionization (TCATI) [2] . Sidebands occur when the photon density of the dressing field is high enough to enable simultaneous absorption or emission of one or more IR photons by the photoelectron arising from ionization with the VUV pulse [3, 4] . They are expressed in the spectra as satellite lines shifted in kinetic energy with respect to the main line from single-photon VUV ionization by the energy of one or more IR photons. As the sideband intensity represents a cross-correlation signal of the femtosecond IR and VUV pulses, two-photon TCATI on gaseous as well as solid samples has ever since been used to determine the temporal resolution in pump-probe photoelectron spectroscopy experiments with laboratory VUV and soft x-ray sources and free-electron lasers (FELs) [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
The occurrence of sidebands in atomic photoemission with femtosecond vacuum-ultraviolet (VUV) pulses in the presence of an infrared (IR) dressing field was already discovered more than 20 years ago for the laser-assisted Auger decay (LAAD) [1] and for two-color above-threshold ionization (TCATI) [2] . Sidebands occur when the photon density of the dressing field is high enough to enable simultaneous absorption or emission of one or more IR photons by the photoelectron arising from ionization with the VUV pulse [3, 4] . They are expressed in the spectra as satellite lines shifted in kinetic energy with respect to the main line from single-photon VUV ionization by the energy of one or more IR photons. As the sideband intensity represents a cross-correlation signal of the femtosecond IR and VUV pulses, two-photon TCATI on gaseous as well as solid samples has ever since been used to determine the temporal resolution in pump-probe photoelectron spectroscopy experiments with laboratory VUV and soft x-ray sources and free-electron lasers (FELs) [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
In TCATI in atoms it was discovered that the sideband intensity depends on the relative orientations of the linear polarization vectors of IR and VUV radiation [18, 19] . This effect was then used in polarization-controlled TCATI to extract the angular distribution and the symmetry of the outgoing TCATI electron waves in He as a function of the dressing photon field density [20] . The polarization dependence in TCATI can be understood in terms of polarization-dependent coupling of the intermediate states with the continua, and the angular distribution is in general described by two asymmetry parameters, β 2 and β 4 [21, 22 ].
An atomic model connecting sideband polarization sensitivity with the one-photon-ionization anisotropy parameter β 2 , which characterizes the photoelectron angular distributions, was introduced in [18] . An alternative to the approach of varying the relative polarizations of IR and VUV radiation by angular detection of the photoelectrons was established for He and Ar in Refs. [23] [24] [25] [26] [27] [28] [29] . This enabled studying the dependence of the TCATI electron angular distributions on their kinetic energy and on the photon energy of the dressing field [26] , and it was used to determine the polarization state of a VUV free-electron laser source [28] . The TCATI sideband photoelectrons were furthermore predicted to exhibit dichroism effects for circularly polarized IR and VUV radiation [30, 31] and nondipole effects in the angular distribution [32] . Finally, polarization-controlled TCATI was used to determine the symmetry of the outgoing TCATI electron waves in the sequential two-photon double ionization in Ne + [33] . Investigations on TCATI in molecules and particularly on the polarization dependence of TCATI in molecules are needed. The question arises whether the polarization dependence of TCATI is sensitive to the molecular symmetry. Can we "turn the tables" on polarization-controlled TCATI as it has been applied so far and use the polarization dependence of the TCATI sideband electrons to extract information on the angular distribution of the main photoelectron lines in molecules? This could add an approach to the suite of methods for measuring the angular distribution of photoelectrons in molecules [34] by angular-resolved detection of the electrons with two or more electron energy analyzers [34] [35] [36] [37] [38] [39] , by imaging the electron trajectories with, e.g., velocity map imaging [23] [24] [25] [26] [27] [28] [29] , by aligning or orienting the target in space [40] [41] [42] [43] [44] [45] , or by performing the measurement in the molecular frame by correlating ion and electron momenta with, e.g., coincidence techniques [46] [47] [48] . Here we present our combined experimental and theoretical investigation of polarization-controlled TCATI in gaseous H 2 O, O 2 , and N 2 . At the comparably low dressing-field intensity used here only one sideband on each side of the main photoelectron line is observed. Comparing the results for the three molecules, large differences in the sidebandintensity modulation amplitudes are found when varying the relative orientation between the dressing-field IR and the VUV polarization vectors. The results are analyzed with respect to the 3p photoionization of atomic Ar gas serving as a reference case. An atomic model based on the soft-photon approximation and accounting for the first sideband from two-photon TCATI with one VUV and one IR photon enables us to extract the one-photon-ionization anisotropy parameter β 2 . We thus demonstrate a first step towards determining photoelectron angular distributions in molecules with polarization-controlled TCATI.
The experiment was carried out with the setup described in detail in [10] . The 15th harmonic (photon energy 23.7 eV) was overlapped in time and space with the fundamental of an intense (0.25 mJ) IR laser (785 nm, 1.58 eV). The VUV radiation was used to ionize the gaseous targets and the superimposed IR pulses were creating a dressing field of about 10 12 W/cm 2 in the source volume of an angle-integrating magnetic-bottle-type electron energy analyzer. The temporal overlap was achieved by maximizing the sideband intensity for Ar ionization for varying time delay between IR and VUV pulses. The pulse durations of IR and VUV pulses amounted to 60 and 120 fs, respectively. The relative polarization of the two pulses was varied by stepwise rotating the polarization axis of the IR radiation using a rotatable half-wave plate, and photoelectron spectra were measured for various relative orientations. The IR dressing-field photon density was limited so that TCATI was dominated by contributions where, simultaneously to VUV ionization, only one additional IR photon is absorbed or emitted with only one sideband on each side of the main line. This is schematically depicted for Ar in Fig. 1(a) and for H 2 O and O 2 in Fig. 1(b) . The more complicated scheme for N 2 in Fig. 1 (c) will be discussed later.
For the present study, we investigate valence photoionization of the molecular targets H 2 O, O 2 , and N 2 . We restrict ourselves to ionization of the highest occupied molecular orbitals (HOMOs) as the relating first sideband from twophoton TCATI with one VUV plus one IR photon can be best separated from intensities in the spectrum relating to other processes such as higher-order sidebands from deeper-lying valence orbitals. The initial ground-and the final ionic-state electronic configurations for one-photon VUV ionization of the HOMO are given in Table I for H 2 O, O 2 , and N 2 and for 3p ionization of Ar.
The valence photoelectron spectra of Ar, H 2 O, O 2 , and N 2 including the polarization-controlled TCATI signals are depicted in Fig. 2 for parallel and perpendicular polarization of dressing IR and VUV fields. The spectra were calibrated to the tabulated binding energies and reflect the well-known valence electronic structure of the systems [49] . The main lines in the spectra arise from one-photon VUV ionization of the HOMOs for the molecules and of the 3p valence shell for Ar (see Table I ). The first sidebands are clearly visible at 1.58 eV higher and lower binding energies of the main lines. Second-order sidebands resulting from the interaction with two IR photons and separated by 3.2 eV from the main line are present, but much weaker in intensity. The following analysis is limited to the first sidebands at lower binding energies of the main lines ("SB+1" in Figs. 1 and 2) and the contributions from second-order sidebands are neglected for the moment. As can be readily seen in Fig. 2 , the modulations of the sideband intensities with the relative polarizations of IR and VUV radiation are strongly different for the different systems. For Ar and H 2 O the intensity drops by a factor of 2 when changing the polarization vectors from parallel to perpendicular orientations. In contrast, the variations appear to be particularly small for O 2 and N 2 . In order to quantify 
(σ g 2p) 2 ( these intensity modulations, the integrated sideband intensities are plotted versus the angle θ between the IR and VUV polarization vectors as depicted in Fig. 3 .
The data in Fig. 3 clearly demonstrate that the amplitude of the sideband-intensity modulation with varying relative IR and VUV polarizations differs drastically for the molecules compared to the atomic case and it obviously depends on the molecule. Based on the idea that these differences arise from the different angular distributions of photoelectrons from HOMO ionization and as a first approximation to a theoretical description of the observed effects, the atomic model from Ref. [18] as developed for polarization-controlled TCATI from atoms is applied to the molecular case here. We note that we checked this model to be valid independently of the symmetry of the initial orbital. Within this model that includes the soft-photon approximation [18] , the sideband intensity I SB (θ ) varies with θ according to
where β 2 is the well-known anisotropy parameter describing the angular distribution of photoelectrons for one-photon ionization of an unpolarized, isotropic gaseous target [35] :
with the photoelectron intensity I(θ ) and the second-order Legendre polynomial P 2 . In order to quantify the amplitude of the sideband-intensity modulation and following definitions in [18] the modulation amplitude is introduced [see also Fig. 3(a) for a graphical definition]:
where I max SB = I SB (0 • ) and I min SB = I SB (90 • ) denote the maximum and minimum sideband intensities, respectively. The relationship between the experimental observable and the anisotropy parameter β 2 then simply reads as
Hence, with Eq. (1) it follows directly,
This expression was used for the fitting of our measured data in Fig. 3 (solid red lines) in order to extract the modulation amplitudes, which are summarized in Table II . Note that the analysis does not depend on the angular momentum of the ionized electron and, as the molecules are not aligned, only the one-photon VUV photoelectron angular distribution as characterized by the beta parameter is needed. In order to further test the concept, the anisotropy parameters β 2 were calculated from the fitted values of within the atomic model with Eq. (4) ( Table II) . As anticipated, the sideband-intensity modulation is strongest for the most oriented electronic state with highest β 2 . The β 2 values as determined here for H 2 O and O 2 are, within the respective uncertainty intervals, in close agreement with previously published values determined from one-photon VUV ionization at the same photon energy (within 0.1 eV) and with angular resolution in the detection of the photoelectrons. This is surprising given the crude approximations in the applied atomic model. A graphical representation of these comparisons is made in Fig. 3 with the solid black lines representing the expected sideband-intensity modulation according to the atomic model with Eq. (1) and the literature values for β 2 from Table II . The curves obtained from the model deviate from the measured data by 20%-30%. However, the model completely fails for N 2 .
The disagreement already observed for Ar points to a systematic uncertainty in our approach. Possibly, this is due to the neglect of higher-order sideband interactions. This speculation is supported by the very small photoelectron intensities at energies where the second sideband is expected [at 12.6 eV in Fig. 2(a) Table II are due to variations of β 2 with photon energy.
The disagreement for N 2 is too large to be solely due to these effects, but two alternative explanations for the observed behavior can be proposed.
First, we note that in N 2 the binding energy difference of electrons from the HOMO and HOMO-1 orbitals is 1.4 eV and thus very close to the energy of one IR photon (1.58 eV). In H 2 O and O 2 these energies amount to 2.1 and 4.3 eV, respectively. Only in N 2 can we therefore expect a considerable contribution of three-photon TCATI by one VUV and two IR photons as depicted in Fig. 1(c) . The intensities close to the binding energies of 14 eV in the N 2 spectrum, where the modulation with varying mutual VUV and IR polarizations was measured, could thus originate from the combined ionization of HOMO with one VUV and one IR photon [(SB+1) HOMO in Fig. 1(c) ] and of HOMO-1 with one VUV and two IR photons [(SB+2) HOMO−1 in Fig. 1(c) ]. The energies of these two channels differ by only 0.2 eV, a difference which we did not resolve in our measurement [see the inset in Fig. 2(d) ]. The interference of these channels is not included in our model and could thus explain the discrepancy between the measured and modeled intensity modulation in Fig. 3 for N 2 . For H 2 O and O 2 the energies for these channels would differ by 0.5 and 2.7 eV, hence reducing the possibility of this interference.
Second, we cannot exclude the influence of interfering VUV ionization channels. For N 2 at 23.7 eV the interference of direct photoionization with autoionization has been reported [37] . This leads to various vibrational final ionic states of N + 2 with differing β 2 values. Although none of these values is close to the value determined here (Table II) , this interference could still explain the discrepancy between the measured and modeled anisotropy parameter as it was not included in our model. Measuring the dependence of the sideband electron angular distribution on the time delay between VUV and IR pulses was recently demonstrated to be sensitive to the relative importance of resonant and nonresonant ionization pathways [29] and could be one way to test this hypothesis.
In conclusion, we measured and simulated polarizationcontrolled two-photon two-color above-threshold ionization spectra from valence shells of molecules. The sidebandintensity modulations arising from varying the relative orientations of femtosecond infrared and vacuum-ultraviolet radiation in two-photon two-color above-threshold ionization of the highest occupied molecular orbitals of H 2 O, O 2 , and N 2 differ strongly from 3p ionization of the atomic reference case Ar. These modulations are also found to depend on the particular molecule. Modeling the modulation amplitudes with an atomic model in a first approximation allows for extracting the onephoton-ionization anisotropy parameter β 2 . This represents an alternative way of determining photoelectron angular distributions in molecules. Deficiencies of the atomic model and in particular the large deviations between experiment and model for N 2 are discussed. The large variation of the experimental observable clearly motivates using polarizationcontrolled two-photon two-color above-threshold ionization of molecules as a sensitive test of corresponding theories. Our results motivate future studies of the influence of the dressingfield density and the concomitant behavior of high-order sidebands. Furthermore, the influence of interfering channels for both the dressing IR and the VUV or x-ray radiation seem a valuable extension of the present work. Finally, an extension of polarization-controlled two-photon two-color above-threshold ionization to the core levels of molecules appears promising. 
